Leaf or brown rust, caused by the fungus Puccinia triticina Eriks., is the most common disease of wheat (Triticum aestivum L.) in North America (3) . Although more than 50 leaf rust resistance genes have been catalogued (21) , most of those genes confer seedling resistance, are race specific, and vulnerable to selection for new virulent races. Some leaf rust resistance genes express resistance optimally in adult plants and are referred to as adultplant resistance (APR) genes. Genes Lr12 and Lr13 are race-specific APR genes that have been rendered largely ineffective due to selection of virulent rust races (11, 12) .
While almost all seedling resistance genes and many APR genes condition a hypersensitive response (HR), some APR genes condition a response of fewer and smaller uredinia compared with susceptible check genotypes, which has been referred to as slow rusting (2) or partial (25) resistance.
Two slow-rusting resistance genes, Lr34 and Lr46, condition nonrace-specific APR and have provided durable leaf rust resistance (4, 19, 27, 36) . It was estimated that approximately a dozen slow-rusting genes were present among cultivars developed at the International Maize and Wheat Improvement Center (CIMMYT) (34) . Combinations of three to four such slow-rusting genes resulted in resistance that can approach immunity (30) . Currently however, only Lr34 and Lr46 have been well characterized.
Genetic characterization of additional APR genes is essential for parental selection for breeders to alter selection strategies and introduce genetic diversity in breeding for durable leaf rust resistance. Moreover, the addition of CIMMYT APR into the U.S. wheat breeding germplasm could result in more durable leaf rust resistance in U.S. wheat cultivars. Comparing the performance of genotypes with APR in CIMMYT and U.S. wheat environments can determine the extent of environmental effects on the expression of APR.
Brambling is a wheat breeding line developed at CIMMYT and is highly resistant to leaf rust in Mexico and the United States. On the basis of the pedigree and observation of leaf rust resistance, it might carry other APR genes in addition to Lr34 and/or Lr46. Our objectives were to: i) identify race-specific resistance genes in the cross of Jupateco 73S × Brambling by evaluating recombinant inbred lines (RILs) in the seedling stage with P. triticina races; ii) determine the genetic basis of slowrusting APR present in Brambling through field trials in Mexico and St. Paul, MN; and iii) study the magnitude of genotype × environment effects of APR in the Mexico and St. Paul environments.
91-2) were used in testing the F 5:7 RILs of the Jupateco 73S/Brambling cross. These five isolates were selected on the basis of their low IT to at least one of the parents in the cross and low IT to specific leaf rust resistance genes common in CIMMYT germplasm. Approximately (5) . To validate the postulation of Lr23 in Brambling, the nine RILs with different ITs to isolates BBBD and/or THBJ, along with Brambling, Jupateco 73S, Thatcher, Thatcher near-isogenic lines with Lr17a, Lr14a, and Lr23 were evaluated for reaction to isolates BBBD and THBJ. After incubation in the dew chamber, the plants were placed in growth cabinets at 20 or 25°C with a mixture of florescent and incandescent light with a 16-h day. Planting, inoculation, and dew chamber incubation procedures of the growth cabinet study were the same as the greenhouse experiment. Infection types were recorded 12 days after inoculation in the greenhouse and 20°C growth cabinet tests and 8 days after inoculation in the 25°C growth cabinet experiment. The ITs were classified as 0 to 4 following Long and Kolmer (17) in which 0 = no uredinia or hypersensitive flecks, ; = no uredinia but hypersensitive necrotic or chlorotic flecks, 1 = small uredinia surrounded by distinct necrosis, 2 = small to medium uredinia surrounded by necrosis or chlorosis, and 3 = moderate size uredinia without chlorosis. Designations of "+" or "-" indicate larger than normal uredinia and smaller uredinia, respectively. ITs of 0 to 2 + were classified as low infection type and ITs of 3 to 4 were classified as high. Infection type combining different numbers and/or symbols indicated that the infected leaf had uredinia of different sizes and were classified as low if ITs of 0 to 2 + were present in the combination. The F 5:7 RILs with low ITs were classified as homozygous resistant, RILs with high ITs were classified as homozygous susceptible, and RILs segregating for high and low ITs were classified as segregating. The ratio of homozygous resistance, homozygous susceptible, and segregating RILs was used to determine the number of seedling resistance genes that were effective against each isolate. Probable genes in each RIL were postulated by comparing with the ITs of the Thatcher near-isogenic lines with individual leaf rust resistance genes.
Molecular marker for Lr34. The sequence-tagged site DNA marker csLV34 (14) was used to screen for Lr34 in Brambling. This marker is 0.4 centimorgans (cM) distant from Lr34 and is diagnostic for Lr34 of wheat cultivars from different parts of the world (14) . Jupateco 73S, Thatcher, and RL 6058 (Thatcher isoline for Lr34) were included as checks. DNA was extracted from leaf segments of five random plants of each check and F 5:7 line following Liu et al. (16) . Polymerase chain reactions (PCR) were performed in 10-µl reactions containing 3-µl of genomic DNA (30 to 45 ng). After an initial denaturing step for 3 min at 94°C, 35 cycles were performed with 1 min at 94°C, 1 min at 58°C, 2 min at 72°C, followed by a final extension step of 10 min at 72°C. PCR products of csLV34 were run on polyacrylamide gels containing 32% (v/v) formamide (15) . The gels were visualized by silver staining (1 Leaf rust epidemics in each environment (one environment = one year and one location) were initiated by artificial inoculations of susceptible spreader rows. The Mexican locations were inoculated with the Mexican race MCJ/SP (28) that has avirulence/virulence formula of Lr2a, 2b, 2c, 3ka, 9, 16, 19, 21, 24, 25, 28, 29, 30, 32, 33, 34/1, 3, 3bg, 10, 11, 12, 13, 14a, 14b, 15, 17, 18, 20, 22b, 23, 26 , and 27+31. Seedlings of Jupateco 73S and Brambling had high ITs to this race. Approximately 4 and 6 weeks after planting at El Batan and Obregon, respectively, the spreader rows of the highly susceptible cultivar Morocco, planted as hills on one side of the plots in the middle of the pathway and around the experimental block, were sprayed with urediniospores suspended in a mineral oil once a day for 3 days. The St. Paul location was spray inoculated with isolates THBJ, MCDS (520), and MBRJ (16-2B) when the earliest plants in the spreader row (leaf rust susceptible wheat cultivars LMPG-6, Morocco, and Thatcher) reached heading stage. Races THBJ and MCDS were common in the recent leaf rust population (11) and MBRJ was common in the 1990s (18) .
Leaf rust severity was recorded on the basis of the modified Cobb scale (26) when all plants in the plots of susceptible parent Jupateco 73S just reached 100% severity and the leaves had not yet senesced. The F 1 and F 2:3 , F 4:5 , F 4:6 , and F 5:7 lines were assessed on the basis of the average rust severity on the flag leaves of 5 to 10 plants. Lines in various generations were grouped into two phenotypic categories for χ 2 analyses: i) homozygous susceptible (lines with severity response similar to the susceptible parent, Jupateco 73S); and ii) others (lines homozygous for low to intermediate disease severities or segregating for low/intermediate and high severities).
The goodness of fit of the observed and expected phenotypic groups of the RILs was tested by χ 2 analysis. Analysis of variance of the mean terminal leaf rust severity in the F 5:7 trials with two replications were conducted, treating each year and location combination as one environment. Pearson correlation coefficients of disease severity of the F 5:7 lines were estimated using the mean disease severity of each line in each environment. A Student's t-test was conducted between lines of different gene combinations using the means of each F 5:7 RIL in each environment.
RESULTS
Seedling leaf rust resistance genes in Brambling and Jupateco 73S. Jupateco 73S had low ITs 0; to 123 to isolates BBBD, THBJ, PBLR, TLGF and high IT of 3 + to isolates MHDS, SBDG, and MBDS (Table 1) . ITs displayed by Jupateco 73S to BBBD and THBJ were not affected by temperature. The low and high IT pattern of Jupateco 73S to the isolates were the same as the Thatcher line with Lr17a (RL6008), which indicated that Lr17a was likely present in Jupateco 73S. In greenhouse tests, Brambling had low ITs 0; to ;2 + 3 to all isolates tested in Table  1 , except for high IT to isolate MBDS (00 SD 520). Isolates BBBD, THBJ, MHDS, MBDS, and TLGF (00 SC 218) were virulent to the Thatcher line with Lr14a (RL6013). Isolates SBDG and PBLR were avirulent to the Thatcher line with Lr14a. Among the isolates tested, only PBLR and MBDS were virulent to the Thatcher line with Lr23 (RL6012). The ITs of Brambling to BBBD and THBJ were affected by temperature. In greenhouse tests, Brambling had IT ;123 to isolate BBBD and 22 + to isolate THBJ. In the growth cabinet, Brambling had IT 0; to BBBD at 20 and 25°C. Brambling had lower IT to THBJ at 25°C than at 20°C. The Thatcher line with Lr23 also had lower IT in the growth cabinet at 25°C than at 20°C to isolate THBJ. On the basis of these results, Brambling was postulated to carry resistance genes Lr14a and Lr23.
In greenhouse tests with races BBBD and THBJ, the F 5:7 RILs segregated for resistant, susceptible, and segregating lines in a ratio not significantly different from the 0.7178:0.2197:0.0625 ratio expected for F 5:7 with two independent dominant genes for a trait ( Table 2 ). The F 5:7 RILs had the same resistant, susceptible, or segregating patterns to BBBD and THBJ, which indicated that the same two genes controlled seedling resistance to these races. The Thatcher line with Lr23 had IT 0; to isolate MHDS. Table 2 ). Across the four environments, the field leaf rust severity of the 68 lines postulated to have Lr34 ranged from 1 to 70%. Some RILs without the Lr34 gene were highly susceptible to leaf rust (leaf rust severity = 100%) ( Table 3 ). The lack of complete susceptibility of the RILs containing Lr34 marker allele indicated that csLV34 is diagnostic of Lr34 in the Jupateco 73S/Brambling cross, and recombination between csLV34 and Lr34 did not occur or it was a rare event in this population.
Field APR in Brambling. Brambling had rust severity and response of 0 to 1 MSS (moderately susceptible to susceptible) in all the environments except in 2006, St. Paul, where it was 10 MS. Jupateco 73S had 100 S (susceptible) severity and response in all environments except 50 to 70 S in 2006 St. Paul. The relatively lower rust severity for Jupateco 73S and higher leaf rust severity for Brambling in 2006 St. Paul nursery was likely because of abnormally dry and hot weather immediately after planting until the first week of July. From May until early July in 2006 St. Paul, the dew point for most nights was lower than the night temperature, which indicated that moisture was probably not adequate for leaf rust infection. In early July, when the environment became conducive for leaf rust infection, Jupateco 73S had already reached the anthesis stage. Thus, the leaf rust severity of Jupateco 73S in this environment was lower than normal. Generally, Brambling reached the anthesis stage 2 days later than Jupateco There was a continuous distribution of leaf rust severity from 0 to 100% for lines in each segregating generation in the field nurseries (Fig. 1) . However, the disease severity was significantly skewed toward lines with low leaf rust severities. The F 4:5 and F 4:6 lines were considered as the same genotypes. In Mexico, in the F 4:5 and F 4:6 lines, 23% had 0 to 1% disease severity, which is similar to Brambling (Fig. 1A) . Sixty percent of the lines had average rust severity of 0 to 10%. In the [2005] [2006] Mexico environment, 14% of F 5:7 RILs had disease severity of 0 to 1% and 64% of the RILs had average rust severity of 0 to 10%. The same trend was observed in the F 4:6 and F 5:7 RILs grown in St. Paul (Fig.  1B) . In St. Paul, 28% of the F 4:6 RILs and 15% of the F 5:7 RILs had rust severity of 0 to 5%, in the range of Brambling, and 40% of the F 4:6 RILs and 30% of F 5:7 RILs had rust severity of 0 to 10%. The F 1 had an average of 5% rust severity. The skewness toward low rust severity and F 1 severities suggested that Brambling had APR gene(s) of partial dominance and large effects to reduce rust severity. A chi-squared test was performed using the ratio of lines phenotypically similar to the susceptible parent Jupateco 73S and lines with some field resistance. In Mexico, the ratio of number of susceptible lines (100% leaf rust) to number of lines with some field resistance in F 2:3 , F 4:6 , and F 5:7 fit a three-gene segregation ratio (Table 5 ). The segregation ratio in , we conclude that leaf rust resistance in Brambling was due to three genes. In St. Paul, the ratio of susceptible lines to lines with some resistance in F 4:6 and F 5:7 fit both three and four independent genes segregation models with a higher probability for four genes ( Table 5) . Eight of the nine F 5:7 RILs that scored as 100 S in 2005 at St. Paul also had 100 S severity and response in Mexico (Table 3) . The other four F 5:7 RILs that were 100 S in Table 3 indicated that Lr17a and Lr14a were not effective in St. Paul or Mexico. On the basis of the seedling and field results, we concluded that adult-plant leaf rust resistance in Brambling was due to three genes in Mexico, and most likely due to four genes in St. Paul field nurseries. The extra effective gene in St. Paul was likely Lr23.
Since (Fig. 2A) . Ten of those 53 lines that lacked Lr34 had a level of resistance similar to Brambling in Mexico ( Fig. 2A) . The high leaf rust resistance in those lines was most likely due to the combination of the two APR genes. The presence of lines with intermediate low to intermediate high leaf rust severities also indicated that those two genes might have unequal effects in reducing leaf rust severity. In St. Paul, the RILs that lacked Lr23 and Lr34 also displayed a continuous distribution of leaf rust severity (Fig. 2B) .
DISCUSSION
The seedling and adult-plant field rust studies and use of the molecular marker csLV34 allowed us to postulate that Jupateco 73S has leaf rust resistance gene Lr17a and Brambling has genes Lr14a, Lr23, Lr34, and two unknown APR genes that had an unequal effect on resistance. Using a collection of Mexican leaf rust isolates, Singh and Rajaram (37) postulated that Jupateco 73S had Lr17a and complementary genes Lr27+Lr31 (35) . The leaf rust isolates used in our seedling study were virulent to Lr27+Lr31. Jupateco 73S was highly susceptible at both field sites in Mexico where race MCJ/SP was used to initiate rust epidemics. It was also susceptible to a mixture of isolates used at St. Paul, MN nurseries. Thus, Lr17a and Lr27+Lr31 in Jupateco 73S were not effective against the isolates used in Mexico and St. Paul. Gene Lr14a identified in Brambling also was not effective against races in our field studies.
The near-immune level of APR in Brambling was due to the combination of slowrusting gene Lr34 with two other APR genes at both Mexico and St. Paul with additional resistance conditioned by Lr23 at St. Paul only. The APR genes in Bram- enhances the effect of Lr13 and other adult-plant race-specific leaf rust resistance genes was reported earlier (7, 8, 10) . In Mexico, when tested against races virulent to Lr13 in the field, Lr13 did not enhance the resistance of Lr34 (30) . Lr23 is a common gene in U.S. spring wheat cultivars (13, 24) . Spring wheat cultivars with the combination of Lr16, Lr23, and Lr34 have displayed high levels of leaf rust resistance in the United States (13) . In our study, the differential expression of Lr23 in Mexico and St Paul was mainly due to the race specificity of Lr23 rather than temperature sensitivity. The resistance gene Lr23 was not effective against the race used in Mexico at the seedling stage and at the adult-plant stage in Mexican field nurseries and in controlled environment at a high temperature (R. P. Singh, unpublished data). Lr23 was effective against one of the isolates (THBJ) used in St. Paul, MN. Lr34 reduced leaf rust severities more in Mexico than in St. Paul, MN. The resistance conditioned by Lr34 was in accordance with previous studies of 20 to 60% reduction in leaf rust severity (20, 32) . The different effects of Lr34 in Mexico and St. Paul were possibly due to the temperature sensitivity of this gene. Lr34 is reported to condition more resistance at low temperatures than at high temperatures (6, 33) . Compared with Mexican locations, the rust development period at St. Paul was much shorter and the daily temperature rose at a faster rate (daily temperature 16 In Obregon, the F 1 of Brambling/Jupateco 73S had much lower disease severity than the mid parent value. The two APR genes combined with Lr34 skewed the segregation of progeny toward Brambling phenotype. Similar levels of rust in the F 1 because of partial dominance of slow-rusting genes were reported in genetic studies of lines carrying three to four slow-rusting genes (22, 30) . However, the frequency of homozygous parental type resistance and homozygous parental type of susceptible lines in segregating generations in those studies were proportional according to an additive gene model. Previous studies indicated that lines with two slow-rusting genes had approximately 5 to 30% leaf rust severity (9, 36) , and immune levels of resistance was reached by combining three to four genes (22, 30, 31) . This is the first report that the combination of the two slow-rusting genes other than Lr34 had immune levels of resistance in the Mexico environments. Further quantitative trait loci (QTL) analysis should provide the chromosome location of these genes in Brambling.
Differential expression due to race specificity of gene Lr23 was one of the main factors causing genotype × environment interaction between Mexico and St. Paul. Temperature differences might be another factor that caused genotype × environment interaction between St. Paul and Mexico. Pyramiding slow-rusting resistance genes can achieve stable high levels of resistance. The dominant nature of some of the slow-rusting resistance genes in Brambling are of great interest in breeding for durable rust resistance. This type of resistance will be easier to select for in segregating generations as smaller population sizes would be required than when using lesser effects.
